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^ (54) Title: SOLUBLE CARBON NANOTUBBS 



(57) Abstract: The present invention relates to 
and to uses of said carbon nanotobes. 



a method of solubiUring carbon nanotubes. to carbon nanotubes produced thereby 
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Soluble carbon nanotubes 



Carbon nanotubes (CNTs) have recently attracted considerable attention due to their unique 
electronic, mechianical and structural properties. Carbon nanotubes have been shown to be. 
electrically conducting at the same time as haying Mgh teiisile strength and elasticity; the 
ability to absorb gas molecules as. nariocapillaries, the potential of further chemical fimctioh- 
alization/ and chemical and thermostability. These quaUties make 'carbon, nanotul^ prime 
candidates for use in nanomolecular and/or electronic devices. : 

Carbon nanotubes can be synthesized by a range of methods of which involve the vaporiza- 
ition of elementary carbon by various means. The first synthesis reported took place by the 
discharge of an electric arc of graphite in the presence of metal catalysts (e. g. Fe, Co, Ni). 
Alternative routes are based on the laser vaporization of graphite-Ni-Co-mixtures or chemical 
vapor deposition wherein various carbon sources can be used. At present milligram to graiii 
quantities can currently be manufactured by using such routes, within a matter of hours. The 
material, thus produced, however, has a substantial amount of contaminants and, in addition, 
side-wall defects. Carbon nanotubes which result directly frorii such isynthesis methods, with- 
out having been further modified, are commonly referred to as "as-prepared carbon naho&- 
bes". in order to remove the contaminants, mainly oxidative treatments have been imployed; 

As-prepared carbon nanotubes (ChH^s) that are produced in biilk quan^ 
chemical vapor deposition, electric arc discharge, laser ablation (also known as pulsed laser 
vaporization), or gas-phase catalytic grovvrth) are generally contaniinated with large ariiounts 
of impurities (typically 5-50 wt%). The impurities include amorphous carbon, grapliite encap- 
sulated catalytic metal particles, graphitic material, and fuUerenes. The most common meth- 
ods for purifying the CNTs involve either Uquid-phase or gas-phase oxidation processes, 
v^hich may be accompanied by solvent extraction, ultra-sonication, cenlrifugatioii, filtration, 
chromatography, and/or microwave exposure. The liquid-phase oxidation processes generally 
make use of strong adds (primarily. HNO3, H2SO4, and/or HCl), sometimes with additional 
oxidants (e.g., H2O2, KMn04, etc.). Likewise, gas-phase oxidation is sometimes used iii con- 
junction with Uquid-phase add treatment, the latter being necesisary for dissolution and re^ 
inoval of metal contaminants.= Various reaction parameters such as concentration, temperature. 
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and time have been employed, some represeotative iexamples of which are provided in Table 



Table 1. Published metiiods for purifying single-walled CNTs (processes conducted at room 
temperature unless otherwise noted; aqueous solutions unless otherwise noted; filtra- . 
tion/rinsing and drying steps are onutted in most Q«ises). 



CNT production method 


Purification steps 


Reference 


Electric arc 

. . • • - 


1. Reflux in H,0, 12 h 

2. Extract wititi toluene 

4. Bake in air at 470 ^C, 20 min 

5. Extract with 6 M HCI . . 


TohjiefaZ. (1997)' 


La5er ablation 


1. Extract with CS2 

2. Sonicate in 0.1% surfactant solution, 
2h 

4. Microfiitration (3 cycles) 

5. Soak in ethanol (to remove surfactant) 


Bandow et al (1 997) 


Laser ablation 


1 . Reflux in concentrated HNO3, 4 h 

2. Centrifugation, H7O wash 


Dujardin et al (1998)^ 


Laser ablation ; 


1. Reflux in 2.6 M HNOs, 45 h 

2. Centrifiigation, H2O wash 

3. Tangential flow filtration 

4. Sonicate in 3 : 1 H2SO4/HNO3; 24 h 

5. Treat with 4:1 H2S04/30% .H2O2 at 
70 °C, 0.5 h 


Uuetal (1998X 

- . ■ ■ 


Laser ablation 
Electric arc 


1. Treat with CI2 + H2O at 500 ^C, 6 h 

2. Sonicate in 1 :1 DMF:0.6;M HCI 

3. Sonicate in DMF 


Zimmerman et al. . 
(2000)^ 


Laser ablation 


1, Jxexiux in ^u/o.n2^23 ^ 

2. Extract with CS2 and CH3OH 


Tane ef a/. (2000)" 


Electric arc 


l,Bakeinairat300°C,24h • . 
2; Treat with cone. HNO3 at 60 °G for 

; 12 h ' ■ ■ 

3. Sonicate in ethinol and filter (G.3 pm) 


Rao and Gbvindaraj 
(20G1)'' 


L£iser ablation 


1. Sonicate in 1 : 1 HF/HNO3 -Hsurfactant, 

5h.. . /■ 

2. Rinse with 0.01 M NaOH 


Chattopadhyay et dl. 
(2002)* 


Electric arc 


1. Treat with microwaves (150 W) at 
500 °G, 20 min 

2. Refluxin4MH<l,6h . 


Harutyunyan et al. 
(2002f 


Electric arc 


1. Reflux in 2.8 M HNO3, 6 h 

2. Dry at 100°C,>iqh 

4. Bake in air at 550 °C, 10 min 

5. Bake in vacuum at 1 600 "C, 3 h 


Kajiuraera/. (2002)'" 



The more oxidative processes probably result in opening of the ends .and enlargmg the side-r 
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wail defects; As a result, the ends and surfaces of the CNTs can become covered^^^^^ oxygen- 
containing: groi5>s such as earboxylic acid, ?ther, phenoUc, and quinone groups. Heating in a 
vacuum to 230-330 °C IheimaUy destroys carboxyHc acid groups on single waUed QfTs,^ 
while heitmg to 8G0 ''C destroys ether and quinon& groups: Rap and Govindar^ subjected 
thek pimfied CNXs to heat-treatment at 400 °C for 0.5 h to remove acid sites on the surface 
of tie tubes and open them. (Rao et al. (2001) Proc JndiariAcad Sci. -^Oh^ Sd.) 113, 375). 
Cm et a/; ((2002) Chem; Mater. 14, 4235) found that o^genated fuiictional groups can be 
removed from single-walled CNTs by heating at 600-800 °C for 5 h. Thamal annealing in 
vacuum at ;1000-1200'^°C is expected to cause the open , ends to close to heinifullerene end 
caps. (Liu et al. (1998) Science 280* 1253.) 

At present Ihere is one drawback associated with carbon nanotubes which prevents them from 
being properly processed and further manipulated, which is that carbon nanotubes^ inherently, 
are largely insoluble in most common solvents. 

This inlrinac insolubility arises from strong van der Waals and ti-tc stacking interactions be^ 
tween individual CNTs, which causes them to orient paralliel to one anotiier in ^ close-packed 
triangular lattice. These structures are referred to as "ropes" or "bundles." CNTs tjiat have 
been subjected to oxidative treatment may have an even greater tendency to form bundles dUe 
to carboxyl related secondary bonding forces. Methods that have been developed for enhauc- . 
ing the solubility of CNTs include cutting them into shorter pieces and fuh^ctionalization. It : 
should be noted that stable dispersions rather than true solutions of CNTs are obtained by ; 
. v some of these methods. ^ . - . 

Cutting or sW be achieved by either mechanical or chemical means. The 

mechanibal methods used include ultrasonicatipn, ball inilling, and abrasion. I,iu et al . ((1 998) 
^c/gncc 280, 1253), combined ultrasonication with chermcal "etching'^ for cutting single- 
- walled CNTs. 

.Hirsch \{7X>QX) Angew^ Chem. Int. Ed. 41, 1853) recently reviewed the fonctionaUzation of 
single walled CNTs. There is special intereist in water-soluble CNTs for biological applica- 
.tions. ■ . 



Functionali2alion of CNTs can be classified as either covalent or non-covalent. Several, cova.- 
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lent processes utUize the rarboxyUc acid (-COOH) group that is generated during oxid^ye 
purification for attaching organic iamines or alcohols CNTs via amSde or ester bond 

formation, respectively! The organic compounds aitached included pidlymers and dehdrops. 
Metal complexes can be attached to simgle-waUed metal; 
center to the oxygenated carbon groups! Other covaleiit modifications described in the Utera- 
ture include reversible sidewall-alkylation of fluprinated CNTs (Boul et al. (199?) Cheni. ■ 
Ff^s: Lett. 310, 367), reactions with aryl diazonium compoimds (Bahr et al. (2001) J. Am: 
Chem Soc, 123, 6536; Bahi et al. (2001) CW Mater. 13, 3823; Kooi et al. (2002) Angew. 
Cheni. Int. Ed. 41, 1353), ultrasonically-induced. reactions with monochloroberizene and 
poly(methyl niethacrylate) (Koshio et al. (2001) //a/io Xeff. 1, 361), additioii reactions of m- 
ttenes ind nucleophilic carbenes (Holzmger et al. (2001) Arigew. Chem. Int. Ed. 40, 4002), 
and addition reactions of azomethine ylides (Geoirgakilas et al. (2002) J: Ant, Chemi Soc. 124, 
760). 

Non-covalent processes for functionaUzation of CNTs generally involve adsorption of mole- 
cules to the sidewalls. Surfactants used for this piirpose iiiclude sodium dodecyl sulfate 
(Duesberg et al. (1998) ^/7p/. Fhys. A 67, 117; Doom et al. (2002) J Ami Chem. Soc. 124, 
3 169) and Triton. The alcohol nioiety on Triton surfactants can be used for subsequent cpva- 
lent chemical modification (Shim et al. (2002) Nano Lett. 2, 285). Polymers can adsorb by a 
process called 'polymer wrapping" (Curtan et al. (1998) ^^iv. Mater. lO, 1091; Tang et al. 
(1999) Macromolecules 32, 2569; Coleman et al. (2000) ^rft>. Afote/-. 12, 213; O'Gonnell et al. 
\2o6l) ChenL Phys. Lett. 342, 265; Bandyopadhyiya jet al. (2(>QX) Nano Lett. 2, 25; Star et al. 
(2002) Ang^. Chem. Int. Ed 41, 2508; Chen et al. (2002) J. Am. Chem: Soc. 124^: 9034; Star 
et al. (2002) Macromolecules 3>5, 15\6). Salt formation between orgaiiic amines and the caf- 
hoxylic acid groups on biddized CNTs is another non-eovalent method for rnaking CNTs 
soliible (Hamon et al. (i999)^fi?v. Mater, ll, 834; Chen et al; (2001) J. Phys. Oiem. 105, 
2525; Chattopadhyay et al. (2002)V: Am. Cheni. Soc. 124, 728; Kahri et al. (In press) Naho 
Lett). Lastly, adsorption of pyrene derivatives to the sidewalls of CNTs via 7C:^stacking inter- 
actions was used for fonctionalization. The succmimidyl ester of 1-pyrenebutanoic acid 
served as a chemically reactive site for forming a^ttaching proteins to tiie CNTs. via amide 
bondformation (Chenetal. (2001) J. ^m. C/iew £"00. 123, 3838> 



Despite the above-mentioned cutting and fimctibnalization processes, the carbon hanotubes 
still exist predominantly in the fprm of bundles, i. e. agglomerates of carbon . nanOtubes in 
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parallel. In the past, several attempts have been made to separate these bundles into single (in. 
the sense "non-bundled") carbon nanotubes via a process referred to . as "exfoliation". 
• . . ' * ■ ' = .- ■ . ■ • . . ■ . " . . . • . 

. Treatment of bundles of single-walled CNTs wifli 70% nitric acid at 25 for 2 hours re- 
sulted in an expansion of the inter-nanotube spacing and increase in the amount of hydrogen 

. in the material (Bower et-a^^^ (1998) CAem. Phys. ^LetL 288, 481). lliese changes, which widd 
be reversed by heating tq 230 °C imder vacuum for 12 houi^, indicated reversible intercala- 
tion of the bundles with HNO3 molecules. Treatment with the acid for 12 hours resulted in a 

. change in structure and morphology of the CNTs tiiat was not reversed by heating under yac- 

^ : uum, Liu et aL ((1 998) Scie77ce 280, 1253) chose a 3 : 1 concentrated H2S04:HN03 mixture for 
the oxidizing acid during cutting of CNTs because it was known to intercalate and exfoliate 
graphite. 

Exfoliation is also believed to be a key feature of the niechanical cutting process reported by 
Ghen et aL {(2001^ J, Am. Chem Soa 123, 6201) which involved grinding single-waUed 
CavfTs in soft organic niaterials such as y- and p-cyclodextrins. According to tiie authors, the 
excellent dispersion of the CNTs by the cyclodextrins, together with partial exfoliation, made 
the grinding forces sufficiently s^^ to induce local conformational strains on the nanotubes, 
wMch eventually resulted in cutting, most likely at thek^^^ 

Filtration is a niethod of collecting and washing carbon nanotubes following wet chemical 
treatments that is widely used in the art. Membrane filters, in particular, are generally used. 
Some examples are: polycarbonaite track-etched filter membrane with 0.8 jim pore size (She- 
lunov et al. (1998) Chem. Phys. Lett: 282, 429), PTFE filter membrane with 0.2 ^im poire size 
. (Mickelson et al. (1999) J. Phys. Chem. B 103, 4318; Stai: pt al. (2002) Angew. Chein! hit 
Ed, 41, 2508)), and jpolycarbonate filter membrane with 3 jim pore size (Yu and Brus (2001) 
J. Phys. Chem. B105, 1 123). 

The methods presentiy known for solubiUzatibn ar gener<ally very time-consuming and/of re- 
quire special equipment br chemicals and/or are not easily scaled up to large quantity. Fur- 
thermore, tiiey may require the use of CNTs that haye been shortened. Accordingly there is a 
iieed in the art for simpler solubilization methods that proyide soluble carbon nanotubes capa- 
ble of dissolving in a variety of solvents, including water. Furthermore there is a need in Ihe 
art for providing, a method of solubiUzing carbon nanotubes that have riot been shortened 
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and/or provide functional groups for subsequent further chemical mbdificatibn. Also there is a 
need in the art for a mefliod of solubilizing carbon hanotubes that are applicable to both . miilti- 
walledi and single-vvalled carbon nanotubes that also allow the solubilization df g^-am quanti- 
ties of carbon nanotubes. 

All tiiese objebts are solved by a method of solubiUidrig carbon nariotabes c^ 

steps: . . 

a) proviciinig, in any order: 

carbon lianotdbes, and 

at least one tjrpe of inonomCT molecules capable of undergoing a polymerizaT; 
tiori reaction or a precursor of the at least on6 type of niononier molecules; 

b) mfadng together the nanotubes with the monomer molecules or their precursor; 

c) initiating a polymerization reaction ofthemonomeir molecules 

. to yield modified carbon nanotubes; therein Ihe carbon nanotubes have functional groujps 
bri their surface and/or ends, and wherein said polymerization reaction opcurs at said 
fimctional grou^ ■ . 

"Solubilizing" is not restricted to a particular kind of solvent. Preferably it means solubilizing 
in aqueous solution or an alcoholic solution, more preferably a metfaanolic solution. 

In one embodiment, the functional groups are oxygenated functional groups selected firom the 
grovq> comprising C-O species (alcohol, phenol, ether, epoxide), C=0 species (ddehyd^^^ 
ton^, quinone); and 0-C=0 species (carboxylic acid, ester, anhydride, lactone, pyirone). 

it: is pfefeired thkt ^e carbon hahotube^ ai-e single-wailed or niulti-walled nanotubes. ' 

In one embodiment approximately 1 per 200 to 1 per 10 carbon aidnas of the carlx>h nanotu- 
bes, preferably approximately 1 per 150 to 1 per 20 carbon atoms of the cairbon nanotubps, 
inore preferably approximately 1 per 100 carbon atoms of the carbon nanotubes are in an oxi- 
dized state. 

it is.preferred that the monoriier molecules are isbQraiiic acid and/or cyanate ion. 
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In one embodiment the precursor of the at least one type of monomer.molecules is xarea and/or 
its derivatives. . 

In another embodiment, the preciarsor of the at least one type of monomer molecules is se- 
lected from the group comprising cyaniaric acid, cyanuric chloride, isocyanuric acid and tri- 
chloroisocyanic acid. . 

Jn yet another embodiment, the precursor is a cyanate salt, such as the cyanate salt of an alkali 
metal or a quaternary ainmonium cyanate. 

It is preferred that the method according to the present inventioii comprises the additional 

...step(s): 

ba) heating the inixture, or, alternatively, 

bb) acidifying the mixture or, 

both steps ba) and bb), wherein, preferably the heating and/or acidifying is sucH, that the 
precursor of the at least one type of monomer molecules is induced to form said mpnoiaier 
molecules. . / ; 

Preferably, the at least one type of monomer molecides or the precursor of the at least one 
type of monomer molecules is provided in a solvent. 

In one embodiment the carbon nanotubes are provided in a solvent. 

Preferably, the solvent of the monomer or its precursor is the same as the solvent of the carr 
;;;]bon nanotubes, or the soW^ ■ 

In one embodiment, ttie solvent(s) cani be heated to a temperature close to or above the melt- 
^^ing point of the monomer or its precursor, without decomposing. 

In one embodiment, before, during or after the polymerization reactibni at least one aldehyde 
is added to the mixture, wherein, preferably, the at least one aldehyde is selected froih the: 
jgroiip comprising acetaldehyde, benzaldehyde, carboxybenzaldehyde, cinnamaldehyde, chlo- 
robenzaldehyde, ferrocene carboxaldehyde, formaldehyde, furfural, glutaraldehyde, parafor- 
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maldehyde, polyhydroxyaldehyde, propionsJdehyde/ pyridine aldehyde- salicylaldehyde and 
valeraldehyde. 

A polyhydroxyaldehyde is a class of carbohydrkte including aldoses. An aldose is a mofao- 
saccharide sugar that contains the aldehyde group (-CHO). An aldose can further be, classi- 
fied as aldotriose, aldotetrose, aldopentose, and aldohexose, depending on the nuniber of car-, 
bon atoms in the sugar. Examples of these are glyceraldehyde (an aldotriose), erythrose (an 
aldotetrose), ribose (an aldopentbse), and glucose (an aldohexose). Aldbpentbse arid aldo^ 
hexose compounds exist in aqueous solution in equilibriiim with their five or six niember rm^ 
hemiacetal forms. Certain di-, tri-, and polysaccharides that contain aldose components are 
also polyhydroxyaldehyde compounds according to the present invention: Ej^aniples of di- 
saccharides that are polyhydroxyaldehydes are maltose and lactose 

Preferably the benzaldehyde is substituted with at least one electron-ionating group, selected 
itfom -NHR, -NRR% -QH, -OR,^C6H5;-CH3; -CH2R, -CHR2 and CR3, wherein R and RV rep- 
resent linear or branched Ci-Cnalkyl groups, C3-C8 cycloalkyl groups, C6-C12 aralkyl groups, 
C6-C12 aryl jgroups, poly(ethylene oxide), poly(propylene oxide), and poly(ethylene 6xide)-co- 
poly(propylene oxide)block co-pblyrriers. 

In one embodiment, the at least one electron-ddiiatihg group on benzaldehyde is in the para- 
position. 

Preferably, the at least one electron-donating group on benzaldehyde is -OH or -OR, wherein 
R represeiits a linear or branched G1-C12 alkyl group, a Cs-Cg cycloalkyl group, a Cs-Cn aral- 
kyl group, a C6-C12 aryl groi5>, poly(ethylene oxide^^^^ poly(ethylene 
oxide)-co-poly(propylene oxide)block co-polymer. 

More preferably, the at lea$t one aldehyde is selected from the group comprisiug p- 
anisaldehyde, 4-propoxybenzaldehyde and 4^(hexyloxy)benzaldehyde' 

If the aldehyde is added before and/or during polyraerization, in one embodiment of the 
method according to the present invention, it should have a boiling point grektef flian ap- 
proximately 100°C. Paraformaldehyde is a non-volatile polymeric form of formaldeiiyde that 
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depplymeiizes to formaidehyde.'. Benzaldehyde and glutaraJdehyde are common aldehydes . 
witii high boiling . . ; 

The criterion for the boihiig point of the aldehyde in this particular embodiment, is that the 
aldehyde can be present during the polymerization long enough to react \vithput evaporatmg 
completely:.. . /^^v-'. • 

In one embodiment, after step c)^ non-yeacted monopaer and/of precursor is removed from the 
reaction, \^4xerein, preferably, the removal occurs by a salt precipitation step; and/or by centri- 
■fugationor filtration, each of both possibiUties optionally followed by washing, and/o 
removal further occurring by size separation and/or adsorption, and/or by enzymatic degrada- 
tion, and/or by selective burning, and/or by plasma treatment, and wherein, even more pref- 
erably, the salt precipitation occurs by addition of a salt, preferably a perchlorate salt, in par- 
ticular sodium perchlorate, the filtration occurs usmg a membrane filter having a ppre size 
sinaller than 1 nm but larger than O.Ol ^un, the size separation and/or adsorption occurs by 
gel-filtration, preferably over a dextran-based material, more preferably Sephadex, and the 
enzymatic degradation occurs by means of urease. In one embodiment, the precipitation s;e- 
lectively precipitates modified GNTs. 

Selective burning is based on the principle that most organics will bum in air under cpndit^oxis 
where CNTs are stable. Therefore heating to appropriate temperatures for appropriate t^ 
will result in the CNTs remaining while other organics have simply burned away/ Reasonable 
■-temperature and time ranges are SOO'^C to 550°C arid 10 minutes to 24 hours (shorter tinies 
when hi^er temperature , ■ : 

Similarly plasma treatment can be used for selective removal of organics on CNTs, and the 
conditions are similar to ones that are used to clean silicon substrates (these will depend on 
the type of plasma generator): ^ 

Oxygen plasma treatment at room temperature 
Applied radio. frequency (RF): 13.56 MHz 
RFpower: 10- 100 W 
*. . O2 pressure: 0.1 - 1 mbar 
Time: 10 seconds to 5 minutes ...... 
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In one embodiment, after p61>TOeri2ation m compound, siich as carboxyiic 

acid anhydride, is laidded and reacted with t^^ . . 

It is preferiied that the modified csirbon nianotubes are dissolved in aqueoias solution or in al^- 
cohpUc solution, preferably niethanoUc solution. V 

The obj ect of the present iaVehtipn are also solved by a method of solubilizing carbon nano- 
tiibes, comprising the steps: 

a) providing^; in any order: 

carbon iianbtub^s, and 
' urea; 

b) mixing together the hanotubes and the urea; 

c) heaiting the mixture 6f b). 

Preferably, the carbon nanotubes are as defi^ 

In one embodiment, the heating is above the melting teraperatiire of urea, wherein, preferably, 
the heating is in the range of approximately 130°C — 180°C, more preferably approximately 
150°C - 170^C, even more preferably approximately 150 — l^CG, most preferably approxi- 
mately ISO^C. ■ ' . 

In ohe embodiment, the heating is for approximately 1 - 60 min, preferably approximately 3 
20 rain, more preferably approximately 5 r 15 min, most preferably approximately 10 min- 
utes.".- < ' ■ ' ' - . 

In 6ne embodiment, the at lea^ one aldehyde is added to the mixture of b). jPi-eferabiy it is 
added to the mixture of b) before or during step c), In one embodiment the at least one aldiC- 
hyde is added during step c), preferablj^ 1-5 minutes after step c) has been initiated, most 
preferably 1-3 minutes after step c) has been initiated. 

in one embodiment, the at least one aldehyde is added to the mixture of b) during step c), 
preferably after the urea is completely molten. 
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In one embodiment^ for the puipose of adding the at least one aldehyde during step c), as but-, 
lined before, the heating is interriqjted when adding the aldehyde^ and is thereafter resumed; 
In one embodiment, Avherein for the purpose of a,dding the at least oiie aldehyde during step 
c), the heating is interrapted when adding th^ aldehyde, and is thereafter resumed, the total 
duration of heating, as recited above ("the heating is for approximately 1-60 min, preferably 
approximately 3-20 min, more preferably approximately 5-15 min, most preferably approxi- 
mately 10 min"), this total dmradon includes the time of adding the aldehyde, . 

In another embodiment, the total duration of heating is for approximately 1 ~ 60 min, prefera- 
bly approximately 3 — 20 min, more preferably approximately 5 - 15 min, most preferably 
approximately 10 rQin, iiTespectiye of any addition of aldehyde; 

In orie embodiment, the at least one aldehyde is selected jfrom the group comprising acetalde- 
>hyde, benzaldehyde, carboxybenzaldethyde, cinnamaldehyde, chlorobenzaldehyde, ferrocene 
carboxaldehyde, formaldehyde, ftuiiural, glutaralde^ paraformaldehyde/ pblyhydroxyfid- 
dehyde, prppionaldehyde, pyridine aldehyde, salicylaldehyde and yaleraldehyde. • 

A polyhydroxyaldehyde is a class of carbohydrate includirig zddoses. An aldose is a mono- 
sapcharide sugar that contains the aldehyde group (-CHO). An aldose can fiirflier be classfi-/ 
fied as aldotriose, aldotetrose, aldopentose, and aldohexose, depending on the ntimber; of car- 
bon atoms in the sugar. Examples of these are glyceraldehyde , (aLn aldotriose), ers^throse (an 
aldotetrose), ribose (an aldopentose), and glucose (an eddohexose). Aldopentose and aldo- 
. hexose conipounds exist in aqueous solution in equilibrium with their five or six member^ring 
: hemiacetal forms. Certain di-, tri-, and polysaccharides that contain aldose coinponents are 
>also polyhydroxyaldehyde compoiiiids according to ;ftie present invention. Examples of: dir 
saccharides that are polyhydroxyaldehydes are maltose and lactose! 

- Preferably the benzaldehyde is isubstituted with at least one electrpnrdonating group, selected 
from -NHR, -NRR', -OH, -OR, -.CsHs, -^CHs, -CH2R, -CHR2 and CR3, wherein R and R' rep- 
resent linear or branched C1-C12 aUcyl groups, Ca-Cg cycloalkyl groups, Ce-Cn aralkyl groups, ; 
Ce-Cia aryl groups, poly(ethylene oxide), poly(propylene oxide), and poly(ethylene oxide)-co- 
poly(propylehe oxide)block co-pplymers. 
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In one embodiment, the at least one. electron-dbriating grblip on benzaldehyde is in the para-. 
:position.' -. V'^-'-. - " ' ' 

Preferably, the iat lea^t one electron-donating group on benzaldehyde is -OH or -OR-, wherein 
R represents a linear or branched Ci-Cn alkyl group, a Cs-Cg c)^cioalkyl group, a Ce-Cn aral- 
kyl group j a C6-C12 aiyl group, poly(ethyIene oxide), poly(propylen(sj oxide), poly(ethylene 
oxide)-co-poly(pr6pylene oxide)block co-pblymer. 

More preferably, the at least one aldehyde is selected from ihe group coinprising p- 
anisaldehyde, 4-propoxybenzaldehyde and 4-(heixyloxy)beir2ialdehyde. 

Li one embodiment, the product of step c) is dissolved in aqueous solution or alcoholic, pref- 
erably nielharidlic, soludbn or ia mixture of an aqiiebus aiid m alcoholic solution and sub- 
jected to a salt precipitation step, arid/or centrifiigationbf filtration , each pf both possibilities 
optionally followed by washing, and/or subjected to size-separadbn and/or adsoiptibriv and/or 
enzymatic degrMatioii, and/or selective bxmiing, and/o 

In one embodiment, the salt precipitation occurs by addition of a salt, preferably a perchlorate 
salt, in particular sodium perchlorate, the filtration occurs using a membrane filter having a 
pore size smaller than 1 jim but larger than 0.01 fini, the size separation ahd/or adsorption 
bceiirs by gelfiltration, preferably bver a dextran-basfed material, more preferably, Sephadex, 
and the enzymatic degradation occurs by means of urease. In one embodiment^ the precipita- 
tion selectively precipitates naodified CNT^^ 

Preferably the product of step c) is dissolved an aqueous solution or alcoholic, .preferably 
methanolic solution or a mixhire of an aquebus and an alcoholic solution and is subjected to 
an evajporatiori step. 

The objects of the present inverition are also solved by a carbon nanotiibe, produced by the 
method according to the present invention. 



Preferably the nanotube is non-bundled. 
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In one embodiment, the carbon n^otube is decorated iii a pearl chain-like manner witJi.dis- 
crete bodies, when viewed by AFM.. 

La one embodiment these discrete bodies are polymeric, "polymeric", in this, context me^niiig 
"comprising polymers*\ 

Preferably, the carbon nanotube has one or moire physical characteristics selected from the 
groi^) comprising: 

- a solubiUty in water or aqueous solution of up to approximately 10 g/1 and/or solubil- 
\ ity in methanol or methanolic solution of up to approximately 1 g/1; 

- an absorption maximum between 210 nm and 250 nm, 

- an eroission maximuni between 500 nm and 550 nm, when excited with UY . or bluie 
hght (330 nm - 430 nm), and 

- one or several or all of the following absorption maxima in the infrared in the follow- 
ing waveinumber regions: 

:347p - 3490 cna'^ 3420 - 3440 cm:\ 3365 3385 cm*^ 3330 3350 cm- V 
3245 3265 cm'^ 3210 - 3230 cm"^ 1660 - 1680 cm V 1610 - 
H50~ 1470 cm'V 1330 - 1350 cm-* and 1095 - n 

It has to be said, though, that the inventors do not wish to be limited to the notion that these 
physical properties are intrinsic to the nanotubes theniselves. These characteristics may also 
be due to the discrete bodies attached to the nanotubes or due to the preparation of the nano- 
tubes. This may apply, in particular, to the emission maximum mentioneci abbveV 

The objects of the prjBsent invention are also solyed by an aissociatipn of carbon nanotubes 
according to the present invention, whereini the carbon nanotubes are noh-biindled, but interr 
connected at their ends through said discrete bodies into branched structures, when viewed 
under AFM. 

The objects of the present invention are also solved by a carbon nanotube or an association of 
carbon nanotubes, which has been produced by the method, in which naethod the product of 
step c) is dissolved in aqueous solution or alcolioUc/ preferably methanolic, solution or a 
mixture of an aqueous and an alcoholic solution, and is subjected to an evaporation step. 
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Preferably, such a. carbon nanotube or associiation' of carbon nanptobes is preferably at least 
partially crystalline. . 

In one embodiment such: a carbon nanbtube or association of carbon iianotube has one or 
naore physical chiaracteristics, selected fit>m the group comprismgr 

- one or several or all of the foUowiiig absorption maxima in the injfrared in the following 
wavenuihber regions: : ^ ' . ; 

3370 - 3390 cm"^ 3205 - 3225 cm"^ 3060 - 3080 cm"V 1700 - 1726 cm~^ 1680 - 
1700 cm"V 1655 - 1675 cm"V 1580 -1600 cm"^ 1500 - 1520 cm"^ 1440 -1460 cm^^ 
1395 - 1415 cm-^ 1245 - 1265 cm'^ 1155 1175 cm'^ 102^ 
' ■ ■..■cm:^795~'815cnf^. ■ • -^y " 

r having both crystalline and amorphous parts when yie\ved under AFM, TEM and/or SEM, 

- a solubility in water or aqueous solution of up to approximately 10 g/1 and/or a solubility 
in metiaanol or methimoUc solutibn of up to appro 

The objects of the present invention are also solved by the use of a carbon nanotube or of an 
association of carbon nanbtubes according to the present invention as outlined above in an 
electronic device, a nanoelectroiiic device, a memory element, a field emission device, a sen- 
sor, an actuator, an electromechanical device, a composite material, a coating/paint/paste, a 
hydrogen storage device, a battery or fuel cell, a supercapacitor, a photoelectrochemical de- 
vice, a photovoltmc device, dn energy conversion device, a light emitting diode, a liqxiid 
crystol display, a probe scanhing probe nwcrosk^ a non-linear dptical device or antenna, or 
a catalyst. . 

The objects of the present invention are also solved by the xise of the method according to the 
present invention for orienting andb^or pimfying^ c^ nanotubes, in particular single walled 
carbon nanotiibes (SWNTs). 

For purposes of orienting the carbon nanotubes, the method according to the present invention 
is preferably perforaied on a surface, more preferably on a polymer or silicon-based surface. 

It should be xmderstood that the mixing of the carbon nanotubes and the at least one type of 
monomer (or the precursor thereof, or urea etc.) can be achieved by various means, such as 
are well known to someone skilled in the art. These include, but are not limited to grinding. 
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milling, in particulaff baU-miUing, sani etc Furthermore it is clear that the carbon 

hsffiLoitubes provided* can be treated with other metiipds that are commonly l^nown to someone , 
skilled in the art. FOr example before or after the reaction of the present invention, 

be ultra-sonicated, they inay be heated in a vacuum or under inert atmosphere or they may be 
further fimctionalized. If they are IheraiaUy annealed (heated) and this t^es place after the 
reaction of the invention; tiais may remove the ftmctiorialization achieved by Ae. reaction of 
the invention and bven reverse; the effects of a previous oxidative, treatment; Such a subse- 
quent thermal annealing treatment may be necessary to restore tiie electronic properties of 
pristme carbon nanotubes. Temperatures in the range of approximately 200 1200°C arie ef-. 
fective for this purposes. It is also clear that various means of size separation can be used, so 
as to separate unreacted small molecule parts from the reacted portions. For example appro- 
priate gel-filtration material, chosen by the experimenter depending on the desired size exclu- ^ 
sioh, can be used. Various grades of Sephadex gel-filtration material seem to be appropriate in 
a.preferr^d embodiment, for example Sephadex G-1 00 or G-10. How:ever other types of 
Sephadex and dextran-based materials can be vtspd instead, the only criterion being that an 
effective separation of small molecules from portipns/compounds haying undergone the rei^^^ 
tion(s) of the present invention takes jplace. Fxirthermpre, small molecules and non CNT- 
particl^ and/or non-modified O^Ts may be removed by adsorption to a gel-filtration mate- 
rial, which material may be the same as defined abbye for the size-exclusion step. Furthiqsr- 
mpre, small molecules can also be removed by the use of appropriate degradation enzymes, ^, 
g. urease in the case of urea. Another way of separation is selective precipitation of (modified) 
CNTs, e. g. by means of a salt, preferably a perchlorate, in particular sodium perchlorate. 
Furthermore filtration may be used as a method of coUecting and washing carbon nanotub 
^oUowing wetchemiced treattjaents,^ 

As used herem, th? tenn "precursor" is meant to encompass any cheimcd entity that is c^^ 
ble of providing inonoiners for a subsequent poljonerizatipn reaction. The term "monomer", 
as used herein, is meant to encompass any chenucal enti that is capable of reacting with like 
•molecules and thereby form a larger. entity comprising more than one of the original mono- 
mers. It is clear that the term "monomer" also encompasses "olijgomers" which are still capa- 
ble of imdergoing a polymerization reaction. . 

A reaction or polymerization is said to occur "at the functional groups" in the sense that the 
growing polymer chain or reaction product, at one of its ends, is either coyalentiy bonded to a 
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Wctional grpup/fiinctional^^^^^ pr non-<x>valeMy adsorbed t^^^ in the sense, 

that within one experunental set-up some grow polymer chains or reabl^qn product are 
covalentiiy bonded to fiinctionki group and other polymer chams or reaction products are non- 
covalently adsorbed thereto. The term "occurs at the functional ^oups", as used herein; is 
used interchangeably vvith "is initiated by ffie functional groups". It can also mean that flie 
functional grbups serve as initiation isites for polymerizatiph. In doing so, the fmictiohal 
groups may either serve directly as a site wiiere polymerizatipn occurs or they may first be 
converted to a functional group at which then the polymerr^tion occurs. Preferably this con- 
version is due to the inoriomer molecules and/or their precursor and/dr a decomposition prod- 
uct of the mbnorher or its precursor, y*^^ latter reaction cm be seen fi-om fig- 
ure 3 in "Reactions involving epoxide group^^^^ where amnaonia, a decompositioii^^p^^ 
urea, converts aii epo3cide to san aminfe and an OH-grbup where then pplyiQeiization takes 
place: . " " ■ 

It should also be understood that the heating step according to thfe present inventibn ean^ b^^^ 
performed by any conventional heating means, e. g. an oven, hot plate, oil bath or heat gun! In 
one embodtoient it is performed usiag a heat gun ■ ' : 

"Derivatives of urea" are e. g. nitrourea, \jrea hydrocUoride, xirea hydrogen peroxide, urea 
. nitrate, and ammonium carbamate, all of which can act as sources of ultiinately isocyanic 
acid." ' " • • " ■ • \: 

it has surprisingly been fotmd that petfoaining a polymerization reaction on the carbon nimp^^ 
tubes, in effect, exfoliates the tubes and solubilizes them such limt^^^a^^ are present 

as single, noh-bxindled entities: The method accordihg to the present invention, as opposed to 
prior-art-methods, yields non-bundled carbon nanotubes, i, ei tubes which are not in an asso- 
ciatibn of essentially parallel CNTs that aire in contact with each other. A preferred polymerir 
zation reaction tiiat is takirig place oh thb carbon nanotubes is the polymeriiialion p^^^ 
acid/cyanate as a decomposition product of urea, to polyisocyanate appendages. .Urea has of;^ 
ten been used as a source of isocyanic acid. For such purposes, urea can either be used neat in 
the molten state (mp 133 ""C), or dissolved in water or an organic solvent. Alternative exem- 
plary sources of isocyanic acid include a) thermal depolymerizatioh of cyanuric acid or iso- 
cyanuric acid, b). hydrolysis of cyanuric chloride and subsequent depolymerizatioh the re-, 
sultant cyanuric acid, c) acidification of cyanate salts, d) hydrplysis of tncMoroisocjraimc acid 



:. and subsequent depolynierization of the resultant isocyanuric acid, and e) thermal decompo- 
sition of nitrourea (Dayis et al. (1929) J. Am. Chem. Soc: 51, 1790). All these sources of iso- 
cyanic acid are to^be understood, as "prepurisors of the at least one type of monornier" where 
isocyardc acid or cyanate ion is &e raohomer in the present i^ 

It 1ms also surprisingly been found that a solubilization of nanptubes can be achieved by let- 
-ting a urea nielt react with the nanotubes, preferably prepurified ones! The yield of soluble 
•nanptubes can be even furflier improved by adding an aldehyde to the melt The nanotubes 
thus produced can form crystal-like structures when they have become dissolved and the sol- 
^^yent becomes evaporated. In that case, crystal-like, birefdngent structures are, formed,, pre- 
sumably containing aligned nanotubes, which further assemble into more complex forms 
haviug dimeiisions of up to ca. lOO Jim. 

In the foUpwing, the chemistry of urea and isocyanic acid/cyanate is further explaiiied. 

Despite its simple structure, the chemistry of urea (NH2CONH2) can be quite complex, 
mainly because of the extremely reactive nature of one of its decompositioii products, iso- 
cyanic add (HNCO). It is oftenv'assimied that an equilibriimi exists betwieen urea and ammo- 
nium cyanate (j^^ 

; * . NH2CONH2C»NH4CNO,; • ' \ 

^^e synthesis of iirea from ainmomum cyaiiate by Wohler was the first example of an 
.^organic" compoimd being sjmthesized in the laboratory from purely "inbrgamc" ones. M 
;^pf the current interest in tiie cheinistry of urea stems from its possible role in pre-biotic evolu- 
tion, as yvelL^s its importance as a fe 

Since ammpiiium ioji (N^ weakly acidic and cyanate ion (CNO") isVweakly basic, the 
eqiiilibrium in e^^ can be extended to include ammonia (NH3) and cyanic acid 

\(CNOH): _ " . 



NH4CNOc:>NH3+CNOH .(2). 
While cyanic aqid is stable enough to be isolated, isocyamc add is t^^^ 
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favored isomer imder hoimal coiaditidM^ 

CNOH HNCO (3) 
Both isomCTS are very chemically reactive.. 

Isocyiiic abid, like its^ org^c isbcj^ariate CR-N=C=0) derivatives, can react with compounds 
containing active hydrogen atoms, including carboxylic acids arid phenols. Standard inethods 
for purifying S^VNTs involve oxidizing bbiiditibns that generate such pxygeriated fonctibnal 
groups at thrar ends and at defect sites along thbir sideWalls. : Based on these cbrisiderafions, 
the present inventors anticipated that mblten urea could react With acia-punfied SWNTs, re- 
sulting in covaleht attachmrat of highly polar substituents derived from ui^ E^^^^^^ 
SWNT-COOH could react with HNCO to fonn CO2 plus the amide (SWNTTC0fJH2). The 
latter could further react with HNCO to forai the acylurea (SWNT-<:01^C0Nfl2).\^^L^^^ 
wise, SWNT-OH . could react with HNCO to forai the urethane (SWNT-OeONHi), which 
could fiirttier react to form the allophanate (SWNT-OCONHCGNH2). Oxygenated 
functional groups not cbnkning active hydrogen atoms that may be- present on purified 
SWNTs (e.^., arfiydride, lactone, ketone, epoxide) could participate by reacting first with 
NH3, which is also present in molten urea, and subsequently with HNCO. These various ad- 
dition reactions of HNCO may be reversible. The present inventors fiiriher investigated ibe 
possibiUty of tuning the solubility of SWNTs naodified by molten urea by incorporating p^- 
: siibstituted alkoxy benzaldehyde derivatives, in particular ^p^ahisaldphydci 4- 
propoxybenzaldehyde, or 4-(he3b'lpxy)benzaldehyde intb the i)rocess. 

In summary, isocyanates (KNCO), which are orgianic d^aivatives of isocyamc acid, are very 
reactive and undergo a great many reactions, especially addition reactions with bompounds 
containing active hydrogen and polymerization (self-addition). Several of these reactions are 
listed below and aire representative bf the reactions of isocyanic acid (^^ I 

1. Reaction with alcohols and phenols to fbnn urethanes: 

RNCO + HOR^ RNH-CO-OR' (4) 

2. Reaction with aihines to fomfl ureas: 

RNCO + H2NR' ^ KNH-CO-MIR' (5) ■ 
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3. Reaction with carboxylic acids tp form amides: . ; 
RNCO + HOQCR'-> KNH-COR' + CO2 (6) 

.4. Reaction with iirethanes to form aUop 

5. Reaction with ureas to form biurets: 

RNCO + R'NH-CO-NHR"-^R]^ (8) 

6. : Reaction with amides to form acylureas: 

KNCO + R'NH-COR" RNH-CO-NR'-COR" (9) 

7. Dmieri2ation to form uretidiones: 

2 RNCO -* RN NR (10) 

.. ^c\- ., ... . 

. 8. Trimeri2ation to fonn isocyauurates: 

;. ; . , . ,'• ■ o .V' ■ \ , . •., 

■ •■ ■ ■ . c .'' • ■ ■ ■. . . ''. ■■ ■ } : ■" 
" KN . , ■ nr; :.• 



3RKCO-». I^^^^^^^^^j V , .(ll) 
■ • OC CO 



9. Hydrolysis to .form amines:. ... . 

RNCO + H20-^RNH2+C02 (12) 



Uirea has often been xised as a source of isocyanic acid for the above reactions. For such pur- 
.poses, urea can either be used neat in tte molten. state (mj) 133 °C), or dissolved in water or an. 
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organic solvent. Alternative soxirces of isocyanic acid inGlude thermal .depolymerization of 
cyanuric acid, isocyanuric acid, hydrolysis of cyanuric chloride and subsequent depolymeri- 
zation of the resultant cyanuric acid acidification of cyaiate salts, hydroiysis of trichloroiso^ 
cyanic acid and subsequent depolynierization of the resultant isocyanuric acid, and thermal 
decomposition of nitrourea (Davis et al 1929 J. Am. Chem. Soc. 51, 1790)! All these sources 
of isocyanic acid are to be understood as "precursors of the at least one type of monomer" 
where isocyanic acid or cyanate ion is the monomer in the present invention. 

Formaldehyde (or paraformaldehyde) reacts with urea; to fomi addition products with hy-^ 
droxyttiethyl end groig>s or methylene bridges between . _ . 

HjNCONHit CH2O HiNCONHCHiOtt (13) 

HzNCONHCHiOH + HzNCONHa-^I^^^ (14) 

Such urea-formaldehyde condensation products are industrially important id materials rangiiig 
from plastics and adhesives to fertilizers, \ ." 

Furthermore, urea is able to form solid-state inclusion compounds (or ,,clathrates") with long-r. 
chained hydrocarbons such as n-alkan.es. The host structure consists of continuoiis one- 
dimensional channels (ca 0.6 nm diameter) constructed from an essentially infinite three- 
dimensional hydrogen-bonded network of ureai molecules. (Steed, J. W,; Atwood, J, L (2000) 
Siq}ramQlecular Chemistry; John Wiley & Sons^ Ltd., Chichester, pp; 272-277) TTie uiea 
channel structiure is only ^ occupied. Urea inclusion compouiids based on a layered 

stmctiore (Lee et al. (2001) J. Am: Chem. Soc, 123, 12684) as weti a^ ihcliision compounds 
involving. both urea and one of its decomposition products (Mak et al, (1995) J. Am: Chem. 
Soc: 117, 1 1995) are also known. 

The process that the present inventors developed involves intimate mixing e.g. grinding pre- 
purified SWNTs with urea before heating. The pre-purified SWNTs used in the experiments 
are RFP-SWNT froni Carbon Solutions, Inc. (Riverside, CA). RFP-SWNT consists of nano- 
tubes prepared by the electric arc method that are acid-purified and subsequently jprpcessed to 
reduce functionality: Accordixig to the supplier, the RPP-S WOT uised in the expferimei^^ per- 
forined in this invention have a relative ptirity of 40?^, as evaluated according to M, E; Itkis.c/ 
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a/., Nano Lett. 3, 309 (2003)/ The iiibdng process^ penetration qjf urea into the. 

nanotuhe bundles as well as tb increase the density of fundtional. groups, on the nanotubes.by 
breaking them mefchanically. AFM images of the starting RFP-SWNT and UA-SWNTs show 
mostly bundled nanotubes in both cases. In general, the bundles in RFP-SWNT samples are 
longer (0.5-10 |im) than those in UA-SWNT samples (0.:^-l. 5 jim). However, this compari- 
son is pureiy qualitative, since it is usually not;possible to observe both ends of individual 
nanotubes within the bundles. Individual UA-SWNTs have a height of 1.45 (±0.10) nm (fig. 
13). Temperature and duration of the heat treatment has a pronounced effect on the chemical 
processes that occur in molten urea, and the present inventors have found that these factors 
also affect the yield of soluble SWKTs. The best results are achieved by heating the inixtiiie 
of pre-purified SWlSfTs arid urea for 5-10 minutes at 150-160 ""C. When the reaction in- 
cludes ah aldehyde, e.g. j7-anisaldehyde, the urea inelt process is interrupted after 1-5, pref- 
erably 1-2 nMnutes for addition of the aldehyde before heating is cdntinued. 
: S WNTs modified by molten urea alone (hereafter referred to as U-SWNTs) are highly soluble 
in water (up to 10 g L"^), but they are insoluble in common organic solvents: Adding an al- 
dehyde, in particular j7-anisaldehyde to the melt yields SWNTs (nanotubes undergoing this 
treatment are hereafter referred to as UA-SWNTs) that are appreciably soluble in both water 
and methanol (up to 1 g L^^) and also results in approximately a ten-fold increase in the yield 
of soluble nanotubes. The concentration (mg L~^) of SWNTs in extracts of the product is es- 
timated by dividing the absorbance (per cm path length) at 500 nm by the factor:0.0286. J. L. 
Bahr, E. T. Mickelson, M. J. Bronikowski, R. E. Smalley, J: M. Tour, Chem, Cpmmun. 2001^ 
193 (2001). Comparing the. sum of SWNT mass in each extract (water or methanol) to the 
mass of lO^P-iS WNT used m the reaction provides an estimate of the yield of soluble SWNfTsi 
Examples are provided^^fo below. In the U-SWNT prep^tion given in Example 9, the : 
ratio of the mass of U-S W^ 

SWNT preparations also giyen in Example 9, the riatios are 0.36 (2.7 mg RFP-SWNT) ^nd 
0.31 (34 mg iO^P-SWNri). Without wishing to be bound by any theojy, the 10-fold enhance- 
i^ient ia yield when p-anisaldehyde is added may be due to a "capping" effect, preventing the 
aiddition reactions of HNCO from reversing. In either case, the soluble SWNTs are isolated 
from excess urea and ^-anisaldehyde by extraction, precipitation with sodium perchlorate, gel 
filtmtipn, or a combination of these methods before analysis. 



Besides good solubility in water and methanol, . a remarkable feature of the SWTNs prepared 
accordmg to the present invention, in particular. UA-SWNTs is. their tendency to self-organize. 
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into crystal-like structures upon evaporation from alcoholic solutions, e.g. methanol solutions. 
In the following reference is ihade t6 the figures, wherein 

Figure 1 : shows UV-visible absorption spectra of RPP-SWNTs treated with molten ureai and 
then dissolved in water, before (dashed curve) arid after (continous curve) removal of compo- 
nents wiih higji affinity for cross-1^ 

Figure 2: shows a tapping mode AFM image fironi a solijtioh of uirea-tre£aed RF^ 
applied tb a film of i)oiystyrene on mica. The soltitipn used was the one whose XJV-visible 
spectrum is shown in Figtrc 1 (continuous curve) and was applied to the film; by a spin- 
coating process; ; . ^ 

Figure 3 : shows the postulated chemical reactions involved in the mbdificatiori of CNTs by 
treatment with molten urea. The CNTs were preyioxisly treated to generate oxidized carbon 
groups, mainly atnanotube ends and sidewaU defects. The three oxidized carbon groups im- 
plicated are carboxylic acid, phenol, aiid epoxide, but other groups coiild also be involved. 

Figure 4 : shows XJV-visible absorption spectra of RPP-SWNTs treated with molten urea and 
then dissolved in water according to Example 1 (see below), after fractionation by columih 
chromatogjaphy over Sephadex® G-lOO into Solution Bl arid Solulion iB2 according to Ex- 
ample 4. Solution B l was diluted by a factor of 2.5 to obtain the spectrum shown. 

; Fig:iire 5 : shows emissibh spectra of Sohition Bl (diluted by a factor of 2.5) and Solution B2 
from Example 4 (see below) when excited with 41 0-nm light. The absorption spectra of these 
isamples are shown in Figure 4. 



JFigufe 6 : shows UV-visible absorption spectra of RFPrSWNTs treated with molten urea and 
then dissolved in water according to Example 5 (see below), before; and after firactionatibn by 
coiuinii chromatography over Sephadex® G-10 according to Example 6 (see below). Solution 
C (before fractionation) vsras diluted by a factor of 100 to obtain the spectrum shown (dashed 
cxu^^e). Solution Dl (first fraction) was diluted by a factor 6f 25 to obtain the spectrum shown 
(continuous curve). Solution E was obtained from the second fraction by precipitation with 
sodium perchlorate and re-dissolufioii in water (da^^ 
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Figure 7 : shows emission spectra of Solution Dl (dilvrted.by. a j^ctor of 25). and Solution E 
from Example 6 arid Example 7 (see. below), respectively, >^en excited vwth 41 0-nm Ught 
The absorption spectra of these samples are diown in Figvire 6. The signal from a solution of 
water alone is also shown (dotted curve). 

Figure 8: shows TEM images of UA-SWNT crystalline structures that form when solutions of 
UA-SWNTs in methanol (ca 800 mg L~') are allowed to evaporate on holey carbon filicns. . 
Scide bars: A, 1 |Am; B, 1 fim; C, 5 nm. 

Figure 9: shows SEM images of UA-SWNT crystalline stoctures that form viiien sol^^^ 
UArSWNTs m hiethanol (ca 800 mg L~\) are allowed to evaporate on silicon substrates (A 
and B, 400-nm oxide; C, native oxide). In A, some of the plate-like objects extend over the 
edge of the substrate (on right). In B, the li^t-colored structure contaunng nanotubes is piar- 
tially suWerged in a grainy material that probably contains meital catalyst nanoparticles. 
Scale bars: A, 1 jiim; B, 3 Jim; C, 10 ^m. ' 

Figure 10: shows polarized optical micaroscope images of UA-SWNT crystallme structures 
taken in reflection mode using white incident light arid a pair of crossed pol^izer (0°) and 
analyzer (90°), with the crystal orientation of 0° or 45°. The crystalline structiires do riot no- 
ticeably polarise mpolarised light Scale bars: 20 jim. 

Figure 11: shoWs BR absoiptibii sjiectra of U-SWNTs and UA-SWNTs on silicon substrates, 
obtained with an IR microscope in transmission mode. For comparison, the spectra of urea 
and p-anisaldehyde ire sdso shovyri. . The samples are prepared by allowing soli^ons in 
methanol to evJ^orate on native oxide siUcon or by apidymg neat />-anisaldehyde to hydrp- 
gen-termihaied silicon. 

Jhe invention will now be further described and better understood by the following exapiples 
wMch are presented for iliiistrative, non-limitihg pvbposes^ 

Example 1 



Characterization. 
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In all examples that follow, one or seyeral of the foUowing characterization steps were per- 
formed: UV-visible absorption spectra \vere measnried with a Varian Gary 5Q spectropho- 
tometer, using 1 cin path-length quartz cuvettes. Tapping mode AFM nieasuremerit^ were - 
made in air using a Digital Instruments Dimension 3100 scanning probe microscope with a 
NanoScope IV Controller and tetrahedral tip silicon cantilevers (Olympus Optical OMCL- 
AC160TS). The TEM measurements were performed using a TECNAI G2 F20 instrument 
ofierated at 200 kV. The samples: for the TEM experiniente were prepared using holey carbon 
films on 300-mesh copper grids (Piano S 147-3). iFor SEM imaging, a I^o Gemini 1530 Re^^^ 
Emission. Scanning Electron Microscope was used with beam voltage of 5 kV. For optical 
rnicroscopy, we used a Leica DMRX polarizing microscope, in reflectance mode: The illu- 
rnination source was a 12V, lOOW halogen bulb. The images :were captured using a Hai¥ia-: 
matsu C4742 camera coupled vsdih a Micro-Color kGB-MS-C color filter. iR absorptioh 
spectra were obtained with a Bruker ISF 66 FT-IR spectrometer with an IRscopie H attach- 
ment. The spectra were recorded in transmission mode with a resolution ofl 0 cm"^ . . 

Modification of CNTs using urea melt 

Tlie C^nTTs u^^ these eixperimeiits were purchased firom Carbon Solutions, Inc. (5094 
Victoria Hill Drive, Riverside, CA 92506), The product name is RFP-SWNT. Accotidiiig to 
infomiation provided by the supplier, RFP-SWNT is prepared firom their product riarhed AiP'^ 
SWNT by acid purification witii subsequent processing to reduce fimctionality. The 
SWNT product consists of single-walled CNTs prepared by the electric arc metiiod. Hu o/. 
(2001)'^^ determined the mole percentage of acid sites (including carboxylic acids; lactones, 
and phenols) relative to the total amount of carbon in EI^P-SWNTs by acid-base titration md 
found 1%, of which 0.7-0.8% could be attributed to carboxylic acid groups. The percentages 
found for the CNTs without the processing step to reduce fimctionality were 2,7% (total acid 
sites) and 2.1-2.2% (carboxylic acid groups). Thus it can be concluded that tiie process used 
to reduce the fimctionality of acid purified AP-SWNT CNTs reduces it by approximately two- 
tMrds. The degree of fimctionality on RFP-SWNT is still appreciable, however, approxi- 
mately one carbon per 1 00 being bonded to at least one oxygen atom to produce ah acidic site, 
approximately three-quarters of which are -COOH groups. These groups are expected to be 
located predominantiy at nanotube ends and sidewall defect sites. . . / . 



RFP-SWNT (2.46 mg) was placed in a glass test tube (Schott Duran®, 12 x IQO mih) and 
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pulverized with a glass sturing-rod (5 mm diameter). Urea (98.5 mg) was added and thbr- 
oughly pulverized with the RFP-SWNT tp yield a gray powder. The po\vder Avas heated by 
placing the bottoA of the test tube at the exit port of a heat gun (Steinel.Typ 3449, 2O0O W) 
set to have a maximum temperature at the exit of 160 ^^C. lie powder rnelted to give a black 
liquid, which was kept agitated by rotating and shaking the tube manually. After 10 minutes, 
the mixture was allowed to cool to room temperature, yielding a black solid. Water (0.50 ml) 
: was added to the solid, which appeared to dissolve completely within a few seconds by simple 
/mixing, giving a dark black solution A sniall voliime (10 |xl) of the . solution was diluted with 
water (lOOO ^1) in a quartz cuvette and the UV-visible absorption spectnm was recorded. The 
spectrum is shown in Figure 1 (dashed ciirve). The solution in the test tube \yas transfeired to 
a small polypropylene centrifuge tube together with the solution in t^^ It was centri- 

fiiged at 5000 rpm for 10 minutes two times. The pH of the solution was 8.15. 

iExample2 
Chromatography over Sephadex G-lOO 

Two drops (approximately 50 \iY) of the centrifuged solution from Example 1 were applied to 
a small column (7 x 45 mm) of Sephadex® G- 100 swollen in water. After entering the col- 
umn bed, the solution was eluted with water. A gray band moved through the column and was 
collected. Another gray band remained at tiie top (1-2 mm) of the column bed and could not 
be washed out. The solution that y/as collected was transferred to a quarts cuvette, diluted 
with water (total volmne approximately 0.7 ml), and the UV-visible absoiptioh spectW w 
recorded. The speclx^ m Figure 1 (cbntiriuoiis curve). It shows a nearly featiureless 

: rise in absoiptipn from 1000 nm ito 300 nin and a niaxinaum at 242 nm. solution is re^ 
ferred to belpw ais Solutioia A. 

• Example 3 
AFM measurements 

A substrate for AFM measurements was prepared by applying a drop of a 2.5 wt-^% solution 
of polystyrene (Aldxich #44.114-7. average Mw ca: 350.000) in toluene to a mica substrate. . 
The substrate was rotated at 600 rpm while a drop (20 |il) of Solution A (undiluted) was ap^ 
plied to the center. The rotation rate was increased to 700 rpm, causing most of the solution to 
l?e ejected from the substrate! Afterwards, spinning it at 4000 rpm for 90 s dried the substrate. 
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An AFM iinage obtained by scanning at a location near tHe center th6 substrate is shoivii in 
FigiKe 2/t6gether vwth a zoomed-in secti^ 

The fact that the RFP-SWNT material becomes water-soluble after caelting its powdered 
mixture wiib urea is most likely due to covalent modification of the COTs or nbn-covalent 
adsorption of water-soluble polymer products. While not intending to be Umited to any par- 
ticular theory, tiie present inventoris favor the cpvldent modification possibility ^^d^^ to the fact 
that the same process fails to render as^prepiared single-waUed CNTs noted 
above, roiighly one carbon itom per 100 of &e CNTs in RFP-SWNT is in a bhemically oxi- 
dized acidic state, iased on the results of Bower et al/ ((1998) C/iem. 288, 481). Of 
the fimctional groups responsible for such sites, -COOH and phenolic -^OH groups are reactive 
with isocyanates, including isocyanic acid; The reaction of isbcyaaiic acid with these groui>s 
and subsequent addition reactions to generate polyisocyanate appendages are shovyn sche- 
liiatically in Figure 3. High molecular weight polyisocyanates were fiirst reported in 1959 and 
represent the simplest type of nylon (nylon- 1) (Bur et al. (1976) Chem. Rev. 76, 727). Another 
possible reaction shown in Figure 3 is the ring opening of epoxide groups by ammonia to 
generate arhiiie and alcohol groups, which thbn react with isocyanic acid. Lu et al (2002) (J. 
Phys, Chem. B 106, 2136) recently proposed using tbe ring-opening step as a way to func- 
tionalize the sidewalls of sirigle-walled CNTs. It should be noted that polymer chain branch- 
ing and cross-linldng reactions are also possible, since the H-atoms bonded to the N-atoms of 
&e Unear chains are 

Tlie g^^ of polyisdcyaitate on the RFP-SWhfTs coidd acc6unt for the water-solubility of 
tiie product as well as th6 dissociation of naridtube bundles into individual tubes^ as is indi- 
cated by the AFM images. The discrete round-shaped bodies seen attached in a pearl chainr 
like manner to the CNTs in the AFM images are presumably the polymers. The sizes of the 
bodies of several nanometers suggest polymer molecular weights of the order of 10,000. 

Sujce the CNTs in the RFP-SWNT material are expected to occur in bundles, the growth of 
pbiyisocyanate uniformly along the nanotubes, as the AFM results suggest, ipdicates that dis- 
sociation of the bundles occurred at an early stage of the reaction. This surprising result im- 
plicates the tendisnby of urea to form inclusion compounds. Although the channel in the usual 
inclusion compounds between urea and hydrocarbons are much too small to acconunodate 
CNTs, the transient formation of larger cages should be consider^ Urea is also vvidely used 
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for denaturing proteins, which involves the disruption of non-GOvalent bonds within proteins, 
including van der V/asls interactions. Since; van der Waals interactiotis are important for the 
bundling of CNTs^ the ability of virea to cause dissociation may be related to its ability to de- 
nature proteiiis: . \ \ - 

Example 4 

Chromatography ovier Sephadex® G-1 00 
A 250-^fiL aliquot of the centrifaged solution Jfrom Example i was applied to a small column 
(10 X SO mrn) of Sephadex® G- 100 swollen in water. After entering the column bed, the so- 
lution was eluted with water. Once the eluting solution became colored (black-brown), 1 1 
mL was collected: this solution is referred to below as Solution Bl . The next 1.5 mL (yellow: 
colored) was also collected and is referred to as Solution B2. A black-brown band remained 
at the top (-5 mm) of the column and could not be washed put with water. The UV-visible 
absorption spectra of these two solutions are shown in Figure 4. The spectrum of Solution Bl 
(after dilution with water by a factor of 2.5) is characterized by a maximum at 235 nm and a 
tailing absorption to beyond 1000 nn;i (Figure 4, continuous cirrye), vireak but distinct inflec- 
tions occur in the wavelength r^on 400-500 nm. The spectrum of !Solution B2 (Figture 4, 
dashed curve) is characteri2»d by a slightiy structured absorption in the wavelength region 
400-500 imi and ahnost no absorption beyond 700 nm . There is no obvious maximum in the 
UV region. Despite this difference, in absorption spectral characteristics, both solutions have 
a yellow emission with a maximimi near 515 nm (Figure 5). The emission from Solution B2 
is 4 times more intense than that from Bl, despite that fact that the absorbance of Bl is 4.5 
times greater than the absorbance of B2 at the excitation wavelength (410 nm). Thiis it can be. 
concluded that two (or more) components contribute to the absorption and emission properties 
of Solution Bl. One contribution is due to the characteristics of fimctionalized CNTs (plas- 
mon absorption rnaximum below 250 nm, structurcrless absorption tail into the; near infrared, : 
and little or no emission). The other contribution is due to a component that is also present in 
Solution B2 with a yeUow emission maximum 515 jam. This component is likely to; be re- 
sponsible for absorjption between 400 nm and 500 tim in both solutions.* .It is a product of the ' 
reaction between the RFP-SWNT and molten urea and appears to be the component that, 
makes the CNTs soluble in water. 
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Examples • • 

; : > : Modificatioli of GNTs using urea melt . ; \ 

RFP-SWNT (I2i6 mg) was pulverized with urea (504 mg) in a glass test tube as desaribed in 
Example 1 . The powdered mixture was heated vMi a heat gun source as in Example 1 for 7.5 
minutes, cooled, mixed with water (800 |iL) water,;and centrifuged (5000 irpm for 10 min). 
The resulting solution, referred to below as Solution C, had a pH of 9.6. A small volume (10 
111) of the solution was diluted with water (1000 jil) in a quartz cuvette and the UV-Visible 
absorption spectrum was recorded. Tlie spectrum, shown in Figure 6 (dashed curve) ■ has a 
tailing absoiption to beyond 1000 nm. No maximum is apparent in the UV region due to ab- 
isoiptioia by urea and by-products of 

Example 6 

Chromatography over Seohadex® G-^10 
A SQO^fiL kliquot of the cmtiifuged soliJlion from Example 5 was appalled to a sniall column 
(10 X 52 mm) of Sephadeb^® G-10 iswollen in water. After entermg the column bed, the solu- 
tion Was eluted with water. Once the eluting solution became colored (black-brown), 1;0 mL 
was collected: this solution is referred to below as Solution Dl. The next 0.9 mL (black- 
brown colored) was also collected and is referred to as Solution D2. A light gray band re- 
mained at the top (-1 1 inm) of the column and could not be washed out VAlh water . The XW 
visible absorptibh spectrum of Sol^^^ Dl (after dilution with water by a factor of 25) is 
characterised by a maximum at 220 nm and a tailing absorption to beyibnd 1000 nm (Figure 6, 
continuous curve); The diluted Solution Dl is characterized by a yeybw emiission \yith a 
, Tpavimuni near 515 nm (TFigurb 7/contimious curve). 

Example? - 

Isoiation of modified precipitation with sodium nerchlorate \ 

Sodium perbWdrate monohydrate (115 mg) was added to Soliition D2 from Example 6, and 
then mixed until the crystals dissolved, giving a concentration of NaC104 of -1.0 M. The so- 
lution became opalescent Within minutes. After being left overnight, a black precipitate setfled 
out leaving clear yellow-brown supernatant, which emitted yellow-white light when excited 
with UV (366 nm) light After removing the supernatant, the precipitate was readily re- 
dissolved in 500 pL of water (Solution E)- The UV-visible absorption spectrum of Solution E 
(after dilution with water by a factor of 20) is characterized by a ipaximum at 242 nm and a 
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tailing absorption to beyond 1000 nm (Figure 6, dash-dotted curve). The diluted solution is 
also characterized by a weak yellow emission whose maxinium is near 550 nm (Figure 7, 
dash-^dotted curve). Sodium perchlorate monohydrate (1 15 mg) wais added to Soliition E, and 
then mixed until the crystals dissolved, giving a concentration of NaCl04 of --0.25 M. The 
solution became opalescent within minutes: After 30 minutes, it was centrifiiged at 50G0 rpm 
for 10 minutes, yielding a black precipitate and; clear colorless supernatant After removing 
the supernatant, the precipitate was dried under a gentle stream of compressed air. The re- 
sulting sohd, having a mass of 0.47 mg, re-dissolved in 10 jxL of water after bath sonication 
forlminute. 

Example 8 

Prepai-ation bf SWNTs modified by molten urea alone (herein referred to as ^,11- 

swNTs".) " V 

; A portion of RFP-SWNT (2.51 mg) was placed in a glass test tube (Schott Duran®, 12 x 100 
mm) and pul:verized vnih a glass stirring-rod (5 mm diameter). Urea (100 mg) was added and 
thoroughly pulverized with the RFP-SWNT to yield a gray powder. The powder was heated 
by clamping tlie test tube vertically over the exit port of a heat gun (Steinel Type 3458, 2000 
W) that was set to have a maximvun temperature at the exit of 1 50 °C. The powder melted to 
give a black hquid, which was kept agitated, by hand using a stiniug-rod. After Svminutes of 
heating, the mixture was cooled to room temiperature. The soluble material was extracted into 
water (600 jitl) by vortex mixing, and the resultant suspension was centrifuged at 5000 rpm for 
;10 minutes to give a clear, ipildly basic (pH 9.6) supematant A portion (45 ^il) of the siiper- 
nataiit solution was diluted Avith water (1000 (il) in order to measm-e llie lA^-^^^^ 
tion spectrum for estimatiori of the concentration. Based on the absorb^ce at 800 nrn (0.093) 
and the dilution factor, the concentration of nanotubes in the supematant \vas approximately 
1 10 mg The estiihated mass of nanotubes in the supematant was thus approximately 0.07 
mg, or roughly 3% of the mass of l^FP-S WISTT used in the The U-SWNT was pre- 

cipitated from ihc remaining supematant, after removing the undissolved material, by addiag . 
sodium perchlorate moriohydrate (20.8 mg). Centrifiigation (3000 rpm for 5 minutes) gave a 
black precipitate and clear yellow supernatant. The UV-viisible absorption speetriim of the 
supernatant, after dilution, exhibits some stmcture and tails to around 800 nm. The super- 
natant solutions have a yellovv^greeii emission under 366-mn Ught: The precipitate dissolved 
readily, in water. iTiis preparation is summarized in Table 2. 
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Preparation of SWNTs modified by molten uVea .With addition of an aldehyde, eg. p- 
anisaldehyde (herein referred to as „lJA-SWNTs".) 

Two preparations of UA-SWNT are summarized in Table 2. One preparation was. oil a scale 
similar to that of the U-SWNT preparation described above and the other preparation was 
scaled up approximately tefa-fold/ In the^ 1^^^ agate mortar and pestle was used to 

grind the RFP-SWi^ and Wea, and a larger glais test tube (Sehott Duran®, 17 x I70 mm) 
was used as the reaction ye^el. In both cases, the mixture of RFP-SWNT and urea was 
iibaled to approximately 150 °C for 1-2 minut^ uiitii it had thoroughly Uqtiefied. For the 
smaller scale reaction, heating was for 1 minute. For the larger scale reaction, 2 minubs 
heating was required until the mixture was completely molten. Then the heating was stopped, 
jP-anisaldehyde was added, and heating wias ciontiiiued for an additional 7 miniites; . The re- 
sultant solid, after cooling to room temperature, was subjected to multiple extractions, first 
with water and later with methanol. Each extraction step typically involved vortex mixing, at 
least 30 mimrtes wait, and brief (1 minute) bath ultrasonication before centrifiiging the sus- 
pension (5000 ipm for 10 inin). The extractions with water removed the excess urea and other 
watCT-soluble components, including ca 20-30% of the excess i7-^saldehyde, whose solu- 
bility in water is ca 0.015 M. The extracts also contained iflae yeUow colored com^ppneht 
lioted above- As indicated in Table 2, the concentration of nanotubes. in the initial extract(s), 
with methanol was relatively low. The concentrations of subsequent extracts increased and 
then decreased, presumably due to depletion of soluble material from flie remaining solid. 
The UA-SWNTs in the methanol extiacts of the larger scale preparation were isolated by pre-^ 
cipitation with sodium perchlorate monohydrate (4-9 mg per ml). The precipitates yvcre dis- 
solved in methanol after washing. These samples y/ere apparently much more sensitive to salt 
coiicen^ation tiiian those of U-SWlSrr^^^^m because the precipitates did not dissolve the 

jBrst time they were suspended in methanol (1 mi). After centrifiiging and removing the su- 
. pematant, the precipitates were mostiy soluble in metiianol (1 ml). Apparently, it \yas necesr 
sary to remove traces of so4^um perchlorate with methanol beford the nanotubeis became 
soluble. The concentration of naiiotubes ki the next to the last methanol extract (step 11 in 
table 2) was 980 mg 1"', indicating solubility up to 1 g for tJA-SWNTs in methanol. These 
nanotubes are also quite soluble in water. 

Estimation of the solubflity of U-S^yNTs ui water. U-SWNTs were prepared as described; 
above. The aqueous extract (0.5 ml) was applied to a colunm (10 x 52 nun) of Sephadex G- 
10 and eluted with water. The first 1 .0 ml containing nanotubes that eluted from the column 
was collected arid determined, by UV-visible absorption to contain 100 mg r* U-S^yiSlTs. 
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The solutipn was evaporated to drjoiess. with compressed dry air. The resulting solid dis- 
solved within seconds upon addition of a 1 6-jxl drop of water, indicating solubility up to 10 g 
r\ The solution i^ too daikly colored to see whether the solid was completely dissolved, but 
no solid was deposited onto the wall of the container when the solution was shaken vigor- 
;-ously. . ■ *' 



Table 2. Summary of preparations of U-SWNT and UA-SWNT. 



RFP-SWNT 
(mg) 


Urea 
(mg) 


Aldehyde 
(^1) 


Vol,, Cone. 
H2O extracts 
(inl.ingr») 


. . Vol., Cone. 
MeOH extracts : 

(ml,mg:r') 


Total mass 
extractiBd 

(mg> -\:. 


Yield 
(%) 


2.51 


100 




0,6, 110 




-0.07 


3 










5) 1.0,40 . 












1)1.0,<1 


6)1.1,380 






; 2.74 


110 


20 


2) 0.5,<i 

3) 0.5,<2 

4) 0,5, 10 


7) 1.0,210 

8) 1.0, 160 

9) 1.0,60 

10) 1.0,50 


0.94 


34 








1)1.5,10 


7)4.0,30 












2)9,0,10 


8)4.0, 10 






34.0 


1370 


250 


3) 3.0,70 

4) 3.0,190 

5) 3.0, 100 

6) 3.0,130 


9) 4.5,720 

10) 4.4,710 " 

11) ;4.4,460 

12) 4.1, 100 


; 10.5 


31. 
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Without vvishing to be bound by any theory, the scenario ^at is envisagejd by the present in- 
ventors is the intercalation of the GNT bundles by urea, urea decomposition, , addition reac^ 
tions between the decomposition products and oxidized carbon groups on the ChnTs, ^ 
polymer growth from those sites. These processes may begin with the mixing, e.g; the ©rind- 
ing together of the CNTs and urea, whicii may also result in mechanical cutting of the CNTs. : 

The procedure described in this report of invention has several , of the characteristics that were 
listed above for the ideal procedure: 

1. It is relatively simple and fast 

2. . It yidds isolated CNTs that dissolve in water. ; 

3. ; It is apjpUcabie for ClSTTs that have notbeen sho 

4. It provides soluble CNTs with functional groups for subsequent chemical rabdifica- 
. - tion. ". " . ■ 

Further, the procedure is applicable for miidti-walled CNTs. It is also clear that suitable 
chemical modifications, introduced either during the reaction or afterwards, are possible for 
making the CNTs soluble in a y^riety of organic solvents. It may be irnpossible to perforin 
such reactions without altering the electronic and/or mechanical properties of the CNTs, but it 
may be possible to restore diem finally by thermal treatment under vacuum or inert atmos- 
phere. None of the state of the art proceduries offer this combination of features. 

The features .disclosed in the foregoing description and the claims inay, both separately and in 
any combination thereof be material for realizing the invention in diverse forms thereof • 
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' Claims 

1. A method of solubilizing carbon nanotubes, comprising the steps: 

a) providing, in any order: 

carbon nanotubes, and • 

at least one type of monomer molecules capable of undergoing k polymeriza- 
tion reaction or a precursor of the at least one type of monomer molecules; 
. b) mi x ing together the nanotubes with the mohoiner molecules or their precursor; 
c) initiating ai polymerization reaction of the monoraer molecules 
to yield modified cmbon nanotubes, wherein the carbon naiaotubes have fiinctiorial groups 
on their surface and/or ends, and wherein, isaid polymerizalion reaction occurs at skid 
functional groups. 

2. The method according to claim 1, wherein the flmctional groups are oxygenated func- 
tional groups selected from the group comprising C-O species (alcohol, phenol, ether, ep- 
oxide), 0=0 species (aldehyde, ketone, quinone), and 0-C=0 species (carboxyUc acid, 
ester, anhydride, lactone, pyrone). 

3. The method according to any of the foregoing claims, wherein the carbon nanotubes are 
single-walled or multi-walled nanotiibes. 

4. The method according to any of the foregoing claims, wherein apprbximatelyl^p^^ 
1 per 10 carbon atoms of flie carbon nanotubes are in an oxidized state. 

5. The method according to any of the foregoing claims, wherein appJroximately 1 per 1 50 to 
1 per 20 carbon atoms of the carbon nanotubes are in an oxidized state. - ■ 

6: :The method according to claim 5, wherein approximately 1 per 100 carbon atoms of the 
carbon nanotubes are in an oxidized state. 

7. The method according to any of the foregoing claims, wherein the nionomer molecules 
are isocyanic acid and/or cyanate ioDL 
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8. The method according to claim 7, wiierein the precursor of the at least; one type of mono- 
mer molecides is urea and/or its deiivatiyes;. 

9! The method according to claim 7, wherein the precursor of the at least one type of moiio- 
mer moleciiles is selected from the group comprising cyanuric acid, cyanuric chloride, 
isocyanuric acid and tricMoroisocyanic acid. V . / \. . 

10, The method according to claim 7, wherein^.^t^ 

11 . The method according to any of the foregoing clairns, comprising the additional step(s): 

ba) heating the rnixture, or, alternatively, 

bb) acidifying the naixture or, 
both steps ba) and bb). 

12- The method according to claim 11, wherein the heating and/or aicidifying is such, that the 
precursor of the at least one type of monomer molecules is induced to form said monomer 
molecules. ; 

13. The method according to any of the foregoing claims, wherein the at least one type of 
monomer molecules or the precxirsor of the at least one type of monomer molecules is 
provided in a solvent. : 

14. The method according to aiiy of the foreigoiiig claims, wherein the carbon n^otubes are 
provided in a solved > . > 

15. The method according to bliaims 13 — 14, wherein the solvent of claim 15 is the same as 
the solvent of claim 14, or wherein the solvents are d^ 

16. .The method according to any of clainos 13 — 15, wherein the solvent(s) can be heated to a 
temperature close to or above the melting point of the monomer or its precursor, without 
decomposing. " : . . . 



17. The method according to any of the foregoing claiirns, wherein, before, during or after the 
polymerization reaction, at least one aldehyde is added to.tiie nodxture; . 



wo 2004/052783 




PCT/EP2003/010i600 



18. The method according to claim 17, when dependent on claim H, wherein the at least one 
aldehyde is adcied during step ba). 

19. The method according to any of claims 17-18, wherera the at least one aldehyde is se- 
lected from the grpiip comprising acetaldehyde,; henzald^ cin- 
naidaldehyde, chlorobenzaldehyde, ferrocene carboxaldehyde, formaldehyde, furfinal, ' 
glutaraldehyde, paraformaldehyde, polyhydro^iyaldehyde, propioiiaidehyde, pyridi 
dehyde, salicylaldeliyde and valeraldehyde. 

20. The method according to claim 19, wherein the bertaaldehyde is substituted with at least 
one electron-donating group, selected from -NHR, -NRR%>OH, -OR, -CeHs, -GH3, 
CH2R, -CHR2 and CR3, wherein R and R' represent linear or branched C1-G12 alkyl 

. groups, C3-C8 cycloalkyl groups, Cedi aralkyl groups, C6-C12 aryl groups, poly(ethylene 
oxide), polyipropylene oxide), and poly(ethylene oxide)-co-p6ly(propylene oxide)block 
co-polymers. ' 

21. The method according to cl^im 20, wherein the at least one electron-donating groxip on 
benzaldehyde is in thei para-position. 

22. The method according to any of claims 20-21, wherein th^ at least ohie electron-dbnating 
group on benzaldehyde is -OH or -OR, wherein R represents a linear or branched C1-C12 

- alkyl group, a Q-Cg cycloalkyl group, a C6-C12 aralkyl group, a C6-C12 aiyr group, 
poly(ethylene oxide), poly(propylene oxide), or poly(ethylene bxide)-co-poly(propy^^^ 
;oxide)bloGk co-polymer. 

23. The method according to any of claims 17-22, wherein the at least one aldehyde is se- 
lected from the group comprising p-anisaldehyde, 4-propoxybenzaldehyde and 4- 
(hexyloxy)benzaldehyde. 



24. The method according to any of the foregoing claims, wherero, after step c), non-reacted ; 
monomer and/or precursor is removed from the reaction. 
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25. The method according to claiim 24, wherein the removal pccurs by a. salt precipitation 
step, and/or by centrifugatioh or filtratioii, each of both posabilities optiorially followed 
by washing, arid/or by siize separation and/or adsorption, and/pr by enzymatic degradation, . 
and/or by selective bxjrning and/or by plasina treato 

.26. The method according to claim 25, wherein the salt precipitation occurs by addition of a 
salt, preferably a perchlorate salt, the filtration occurs using a membrane filter having a 
pore size smaller than 1 jim but larger ihan 0,01 \im, the size separation and/or adsorption 
occurs by gel-fQtration, and the enzymatic degradation occurs by means of urease. 

27. The method according to any of the foregoing claims, wherein after polymerizatioh an 
amine-reactive compound, such as carboxylic acid anhydride, is added and reacted Svith 
the rnodrfied carbon nanotubes. 

28. The method according to any of the foregoing claims, wherein the modified carbon nano- 
tubes are dissolved in aqueous solution or in alcoholic solirtion, preferably methanolic 

. sohitipn.- ■ . 

29. A method of solubUizing carbon nanotubes, comprising the step^ 
a) Providing, in any order: 

carbon nanotubes, and . 

urea;.- . ' ■■ . : ) : ' . I-S : . :^ 

• b) inixing together the nanotubes and the urea; \: 
c) heating the mixtiu:^ v 

30. The method according to claim 29, wherein the carbon nanotubes are as defined in any of 
claims i — 6. 

31. The metihod according to any of claims 29 — 30, wherein the heating is aboye the melting 
temperature of urea. 

32. The method according to claim 31, whereid the heating is in the range of approximately 
130°C - 180°C, preferably approximately ISO'^C - 170°C, more preferably approjcimately 
150°C - 160°C, niost preferably approximately 150°C. 
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33. The method accordiajg to any of claims 29 ^ 3% wHerem the heating is for approximately 
1 — 60 min, pifeferably approximately 3 — 20 min, more preferably approximately 5 — 15 
min^ most preferably approximiately 10 minutes. 

34. The method according to any of claims 29-33, wherein at least one aldehyde is added to 
the mixture of b). ■ : > 

35. The method according to claim 34, wherein the at least one aldehyde is added to the knix- 
ttiriei of b) before or duriuoLg step c). 

36. The method according to claim 35, wherein the at least One aldehyde is added diiring step 
c), preferably 1-5 minutes after step c) has been initiated, most preferably 1-3 minutes af- 

. ter step c) has been iiiitiated. 

37. The method according to any of claims 34-36, wherein the at least one aldehyde is se- 
lected from the group comprising acetaldehyde, benzaldehyde, carboxybeiizaldehydej cin- 
namaldehyde, chlorobenzaldehyde, ferrocene carboxaldehyde, formaldehyde, 
glutaraldehyde, paraformaldehyde, polyhydroxyaldehyde, propionaldehyde, pyridine al- 
dehyde, saiicylaldehyde and yaleraldehyde. 

38. The metliod iaccording to claim 37, \^^erein the benzaldehyde is substituted with at least 
one electron-donating group, selected froin -NHR^ -NRR', -OH, -OR, -CaHsx CSa, - 
CH2R, -CHR2 and CR3, wherein R and R' represent linear or branched C1-C12 alkyl 
groups, Cs-Cg cycloalkyl groups, C6-C12 aralkyl groups, Ce-Cn aryl groups, poly(ethylene 
oxide), p6ly(propylene oxide), and poly(ethylene oxide)-co-pGly(propylene oxide)block 
co-polymers. 

39. The method accordiiig to claim 38, wherein the at least one electron-donating group ori 
benzaldehyde is in the para-position. 

40. The metiiod according to any of claims 38 - 39, wherein the at least one electron-donating 
group on benzaldehyde is -OH or -OR, wherein R represents a linear or branched Ci-Ci2 
alkyl group, a C3-C8 cycloalkyl group, a C6-C12 aralkyl group, a C6-C:i2 aryl group. 
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poly(ethylene oxide), p61y(propylene oxide), or poly(ethylene oxide)-co-poly(propylene 
oxide)block co-jpolymer, 

41. The method according to aiiy of claims 34^40, wherein the at least one aldehyde is se- 
lected from the group comprising p-ahisaJdehyde; 4-propoxyben2ald^ and 4- 
(hex5doxy)benzaW ; ; " ^ : = \ 

42. ITie method according to any of claims 29 - 41, wherein the product of step c) is dis- 
soived in aqueous solution or alcoholic, preferably methanolic solution or a ihixture of an 
aqueous and an alcoholic solution, and subjected to a salt precipitation step, and/or cen-: 
trifugation or filtration, each of both possibilities optionally followed by washing, and/or 
subjected to size separation and/or adsorption and/or enzymatic degradation, and/or selec- 
tive burning, and/or plasma treatment. 

.43. The mfethod according to. claim 42, wherein "flie product of step c) is dissolved in aquepiiis 
solution or alcoholic, preferably methanolic solution or a mixtmre of an aqueous and an 
alcohoUc solution, and is subjected to an evaporation ste^^ 

44. A carbon nanotube^ produced by the miethod according to any fof claims 1- 43. 

45. The carbon nanotube according to claim 44, wherein the nanotube is rion-bundied. 

46. The carbon nanotube according to any of claims 44 — 45, wherein it is decorated in a pearl 
chain-like manner with discrete bodies, when viewed by AFJSl. 

47. The carbon nanotube accbrding to any of claims 44 ~ 45, having one or more physical 
characteristics selected from the group comprismg^ 

a solubility in water or £iqueous solution of up to approximately 1 0 g/1 and/or si solu- 
bility in methanol or methanolic solution of up to approximately 1 g/1, . 
- m absoiption maximum between 21 P nm and 250 nm 
. - ■ . one or severjal or all of the following absorption maxima in the infrared in the follow- 
ing wavenumber regions: : 
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... 3470 - 3490 cm"?, 3420 - 3440cm'- , 3365 - 3385 cm'^ 3330 - 3350 cm"^ 3245 
- 3265 cm'\ 3210 -3230 em"\ 1660 1680 cm"V 1610 1630 cm^\ 1450 - 
H70 cm"\ 1330 1350 cm'Vand 1095 1 15 cm"^ 

48. An association of carboh nanotubes according to any of claims 46 - 47, wherein the car- 
bon nanotubes are non-bundled, but intercdnnected at their ends through said discrete 
bodies into branched structures, when viewed by AFM. 

49. A carbon nanotube or an association of carboia nanotubes produced by the method ac- 
cording to claim 43 . 

50. The carbon nanotube or association of carbon nanotubes accordiag to claim 49, which is 
at least partially crystalline. 

51. The carbon nanotube or association of carboh nanotubes according to any of claims 49 — 
50; having one or more physical characteristics selected firom the group comprising: 

- one or several or all of the following absorption maxima in the ui&ared in the follow- 
ing w^veiiumber regions: 

3370 ~ 3390 cm"\ 3205 - 3225 Gm"^ 3060 - 3080 cm"\ 1700 - 1720 cm"\ 
1680 1700 cm■^ 1655 - 1675 cm'\l580 - 1600 cm"^ 1500 - 1520 ^^^^ 
— 1460 cm"\ 1395 ~ 1415 cm'^ 1245 1265 cm ^ 1155 - 1175 cm'Vl020 - 
1040 cm"^ 845 - 865 cm\ 795 - 815 cm~^ 
: - having both crystalline aind amorphous parts, when viewed under AFM, TEM and/or 

; .SEM." '^y: :y .■y-i:\.r'^^: ' ' 

- a solubiUty in water or aqueous solution of up to approximately 10 g/1 and/or a solu- 

- biUty in methanol or methanolic solution of up to appro 

52. Use of a carbon nanotube according to any of claims 44 - 47 or of an association of car- 
bon nanotubes according to claim 48 or of a carbon nanotube or association of carbon 
nanotubes accordiag to any of claims 49 - 51 in an electronic device, a nanoelectrpnic de- 
vice, a memory element, a field emission device, a sensor, an actuator, an electromechani- 
cal device, a composite material, a coatiag/paint/paste, a hydrogen storage device, a bat- 

. tery or fuel cell, a supercapacitor, a photoelectrochemical device, a photovoltaic device, 



wo 2004/052783 ' PCT/EP2003/0 10600 

-41 ■ • 

an energy conversion device, a light emitting diode, a liquid crystal display, a probe scan- 
ning probe micrpscopy, a non-linear optical device or antenna, or a catalyst 
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